In this paper we report calculations of electrostatic interactions between the transducin (G t ) ␤␥ heterodimer (G t ␤␥) and phospholipid membranes. Although membrane association of G t ␤␥ is due primarily to the hydrophobic penetration into the membrane interior of a farnesyl chain attached to the ␥ subunit, structural studies have revealed that there is a prominent patch of basic residues on the surface of the ␤ subunit surrounding the site of farnesylation that is exposed upon dissociation from the G t ␣ subunit. Moreover, phosducin, which produces dissociation of G t ␤␥ from membranes, interacts directly with G t ␤␥ and introduces a cluster of acidic residues into this region. The calculations, which are based on the finite difference Poisson-Boltzmann method, account for a number of experimental observations and suggest that charged residues play a role in mediating protein-membrane interactions. Specifically, the calculations predict the following. 1) Favorable electrostatic interactions enhance the membrane partitioning due to the farnesyl group by an order of magnitude although G t ␤␥ has a large net negative charge (؊12). 2) This electrostatic attraction positions G t ␤␥ so that residues implicated in mediating the interaction of G t ␤␥ with its membrane-bound effectors are close to the membrane surface.
The interaction of proteins with cellular membranes is a central feature of signal transduction. Many proteins involved in interfacial signaling contain a lipophilic modification (e.g. myristate and farnesyl) that contributes to membrane association by partitioning hydrophobically into the membrane interior (1, 2) . Examples of such proteins include heterotrimeric G proteins, small GTPases, and nonreceptor tyrosine kinases. A lipid modification alone usually cannot provide enough energy to keep a protein anchored to a cellular membrane (3) and often occurs in conjunction with additional membrane binding motifs. For example, most Src family kinases (1), H-and N-Ras (4), and many G␣ subunits (5) have dual lipophilic modifications, while other proteins, e.g. K-Ras4B (6, 7) and Src itself (8, 9) , have both a lipophilic attachment and an adjacent cluster of basic residues that are attracted electrostatically to the charged surface of lipid bilayers. Heterotrimeric G proteins are acylated on the ␣ subunit and prenylated on the ␥ subunit, and the membrane association of the inactive heterotrimer is due primarily to the penetration of both of these lipophilic modifications into the hydrocarbon region of the membrane (10) . The exchange of GTP for GDP on the ␣ subunit, catalyzed by an activated G protein-coupled receptor, results in the dissociation of G␣ from the G␤␥ heterodimer. G␣ isoforms that are dually acylated remain membrane-associated upon activation, but the ␣ subunit of transducin (G t ␣), which is singly acylated, becomes primarily cytosolic (5, 11) . In contrast, G t ␤␥, which is singly farnesylated, remains localized to rod outer segment (ROS) 1 membranes. As discussed below there is some experimental evidence suggesting that electrostatic interactions play a role in the membrane association of G t ␤␥, but the situation is far from clear. In this paper, we address the issue by using computational methods to characterize the nature of the electrostatic component to the membrane partitioning of ␤␥ heterodimers from transducin and other heterotrimeric G proteins as well.
The observations that G t ␤␥ binds more strongly to vesicles formed from the acidic lipid phosphatidylserine (PS) than to vesicles formed from the zwitterionic lipid phosphatidylcholine (PC) provides direct evidence for the role of ionic interactions in membrane association (12, 13) . Consistent with this finding, analysis of the crystal structure of G t ␤␥ (14) reveals a region of positive electrostatic potential surrounding the site of farnesylation, which should be attracted to a negatively charged surface (Fig. 1A) . On the other hand, G t ␤␥ has a net negative charge as is evident from the potentials depicted in Fig. 1A , which could, in principle, serve to weaken membrane binding. Moreover, G t ␤␥ can be isolated from ROS membranes under low salt conditions (10, 15) , an observation that would appear * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. inconsistent with an electrostatic attraction between the protein and membrane. Finally, as discussed below, there is evidence that farnesylation alone is sufficient to anchor G t ␤␥ to ROS membranes so that the need for an additional anchoring motif is unclear.
A related issue concerns the physical basis of the regulatory function of phosducin, a phosphoprotein that both inhibits the interaction of G t ␤␥ with GDP-bound G t ␣ and causes the translocation of G t ␤␥ from membrane to cytoplasm (16) . Structural studies show that the binding of phosducin to G t ␤␥ introduces a cluster of negatively charged residues adjacent to the basic cluster on G t ␤ (Fig. 1B) (17) . Fig. 1 illustrates, in a qualitative sense, how electrostatics may affect the membrane association of G t ␤␥: the positive electrostatic potential due to the basic surface patch on G t ␤␥ should be attracted to acidic lipids in the membrane, while the negative electrostatic potential due to the cluster of acidic residues on phosducin should be repelled from acidic lipids. In this paper, the validity of this qualitative picture is examined with detailed calculations of electrostatic free energies.
The calculations reported here are based on the finite difference Poisson-Boltzmann (FDPB) methodology (18) . The FDPB method has been used to describe the membrane association of simple model basic peptides (19) , small basic protein toxins (20) , and the membrane binding region of Src (21) and, as summarized below, has yielded results that are in close agreement with experimental observations. In each of these cases electrostatic interactions were found to make a large contribution to membrane binding. For G t ␤␥, both the available experimental evidence and our calculations suggest the electrostatic interactions are weaker but still significant. Specifically we find that electrostatic interactions could play a role in 1) increasing the membrane partitioning of free G t ␤␥, 2) positioning G t ␤␥ at the membrane surface to facilitate productive proteinprotein interactions, and 3) favoring the cytosolic state of phosducin-bound G t ␤␥.
MATERIALS AND METHODS
In the calculations, G t ␤␥, phosducin, and the lipid bilayer are represented in atomic detail, while the solvent is modeled as a homogeneous dielectric medium. The nonlinear Poisson-Boltzmann equation is solved in the finite difference approximation (18) , and electrostatic free energies are obtained from the calculated potentials (22) . Using the FDPB methodology, the electrostatic contribution to the binding free energy of both G t ␤␥ and G t ␤␥⅐phosducin to PC/PS membranes is calculated as a function of 1) the distance of the protein from the membrane surface, 2) the orientation of the protein at the membrane surface, 3) the mole percent PS in the membrane, and 4) the ionic strength of the solution. The calculations are similar to those performed in the past to describe the membrane binding of basic peptides and proteins (19 -21, 23 ). An example of an atomic model system treated here is depicted in Fig. 2 .
Protein/Membrane Models-Six different lipid bilayers (1:0, 8:1, 5:1, 3:1, 2:1, and 1:1 PC/PS) were built as described previously (24) . Each lipid leaflet contains up to 396 lipids distributed uniformly in a hexagonal lattice. Each lipid head group occupies an area of 68 Å 2 in the plane of the membrane, and the lipid head group regions from the two opposing membrane leaflets encompass about 1 ⁄2 the thickness of the bilayer in agreement with experimental measurements of the structures of phospholipid bilayers (25) . It is assumed that the lipids change neither structure nor position upon interaction with the protein. A number of concerns arise with regard to this assumption. First, the effects of the farnesyl group on membrane structure are unknown. However, the electrostatic effects treated in this paper are long range and, thus, are unlikely to be strongly affected by local perturbations due to a farnesyl moiety. In fact, previous work has treated basic/aromatic peptides, which interact with the membrane surface through both electrostatic interactions and hydrophobic penetration of the membrane interface (35) ; the calculations agree well with the experimental data. Second, the membrane may respond dynamically to the charged protein to minimize the total free energy of the system. We do not treat such effects here, but they would serve to enhance the magnitude of the electrostatic interactions calculated in this paper so that the major conclusion would not be altered. Third, a likely mode of response of the bilayer to the approach of the charged protein would be expected to involve PS colocalization. This possibility will be considered in detail below.
More generally, the approximation of a rigid bilayer is quite reasonable for G t ␤␥ and the G t ␤␥⅐phosducin complex because both are highly charged and, thus, should not significantly penetrate the membrane interface (see Fig. 1 ). Previous work has shown that the membrane partitioning of basic peptides that reside outside the polar envelope of the membrane is independent of whether the membrane is in the liquid crystalline or gel phase (26) , suggesting that the use of static bilayer models is appropriate for calculating the binding of peripheral proteins (19, 27) . The assumption that the positive potential of the protein does not induce a significant local redistribution of monovalent acidic lipids in the plane of the membrane is consistent with direct spin-label electron spin resonance studies that show pentalysine does not produce a redistribution of acidic lipids in membranes (28) and with membrane partitioning studies of myristate-Src- (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) that show that the membrane binding of the peptide does not saturate as a function of mole percent acidic lipid (21) . These studies were all performed with simple peptides and do not necessarily address the effect of a large protein on the membrane structure. To obtain an estimate of the effect of acidic lipid aggregation on the membrane interaction of G t ␤␥, a calculation of the electrostatic free energy of interaction was performed with "hybrid" membrane models: the region of a 2:1 PC/PS bilayer immediately below G t ␤␥ was replaced by a comparable region of either a 1:1 or 0:1 PC/PS bilayer. The substituted bilayer section encompassed 48 lipids and had a surface area of 3300 Å 2 , which is consistent with the imprint of G t ␤␥ on the membrane surface (3700 Å 2 ). As discussed below, our results indicate that the assumption of a uniform lateral distribution of acidic lipids is not a severe one at least for 2:1 PC/PS, the composition primarily used in this study.
The dimensions of a lipid bilayer containing 396 lipids per leaflet are ϳ165 ϫ 172 ϫ 60 Å. The largest lateral dimension for the protein structures examined is 78 Å; therefore, the lateral dimensions of the membranes extend several Debye lengths beyond the edge of the protein, and the calculations account for the full protein-membrane electrostatic interaction in 100 mM KCl. At lower ionic strengths (or longer Debye lengths), calculations were performed with larger bilayers, and these confirm the results obtained with the bilayers containing 396 lipids per leaflet.
The experimentally determined structures of G t ␤␥ (Refs. 14 and 29; PDB codes 1tbg, 2trc, and 1aor) and G t ␤␥⅐phosducin (Refs. 17 and 29; PDB codes 2trc and 1aor) were used in the calculations. Hydrogen atoms were added to the heavy atoms in the structures with the program CHARMM (30) . The structures with hydrogens were subjected to conjugate gradient minimization with a harmonic restraint force of 50 kcal/mol/Å 2 applied to the heavy atoms located at the original crystallographic coordinates. The calculations performed with the structure of G t ␤␥ from the G t ␤␥⅐phosducin complex of Gaudet et al. (17) (PDB code 2trc) are presented in this work because this structure includes more residues at the C terminus of the ␥ subunit than the other structures. The root mean square deviation between the C␣ traces of phosducinbound G t ␤␥ and free G t ␤␥ is only 0.9 Å, indicating that the structures are highly similar. Calculations of the electrostatic contribution to the binding of free G t ␤␥ (PDB code 1tbg) to membranes as a function of mole percent acidic lipid and ionic strength gave results quantitatively similar to those obtained for G t ␤␥ from the G t ␤␥⅐phosducin complex (PDB code 2trc). As visualized in GRASP (31) the electrostatic equipotential contours of the G t ␤␥⅐phosducin structure (PDB code 1aor), not included in our calculations, are qualitatively similar to those for the complex (PDB code 2trc) we examined in detail, again suggesting that the electrostatic component of the membrane interaction would be similar for both structures.
Finite Difference Poisson-Boltzmann (FDPB) Calculations-Each atom of the protein and membrane is assigned a radius and partial charge; the protein/membrane model is then mapped onto a threedimensional grid of l 3 points, each of which represents a small region of the protein, membrane, or solvent (32) . The charges and radii used for the amino acids were taken from a CHARMM22 parameter set (30) ; those used for the lipids were taken from Peitzsch et al. (24) and were used in previous studies (19 -21) . Molecular surfaces for the protein and membrane are generated by rolling a spherical probe with the radius of a water molecule (1.4 Å) over the surfaces defined by the van der Waals radii of the constituent atoms; the point of contact between the probe and the van der Waals surface defines the molecular surface. Grid points that lie within the molecular surfaces of the peptides and bilayer are assigned a dielectric constant of 2, and grid points outside the molecular surfaces, corresponding to the aqueous phase, are assigned a dielectric constant of 80. Salt ions are excluded from a region that extends 2 Å beyond the van der Waals surfaces of the peptide and membrane. The electrostatic potential and the mean distribution of the monovalent salt ions at each grid point are calculated by solving numerically the nonlinear Poisson-Boltzmann equation as described previously (19) . The electrostatic contribution to the binding free energy is obtained as the difference in the free energy of the protein/membrane system and of the individual components (22) .
The Poisson-Boltzmann equation was represented on the lattice using the finite difference approximation. The quasi-Newton method for treating the nonlinear portion of the Poisson-Boltzmann equation was combined with three levels of multigriddings to solve the equation (33) . The FDPB calculations were done to resolutions of 2.0 and 3.0 grid spacings/Å. Focusing (32, 19) , in which the system is represented on the computational grid at successively higher resolutions until the final resolution is achieved (i.e. 0.25, 0.5, 1.0, and 2.0 grid/Å and 0.375, 0.75, 1.5, and 3.0 grid/Å), was used to increase the precision of the calculations. The calculation of the electrostatic potential at each resolution was iterated to convergence defined as the point at which the potential changes less than 10 Ϫ5 kT/e (where k is the Boltzmann constant, T is the absolute temperature, and e is the charge of a proton) between successive iterations. The numerical uncertainty of the calculation of the electrostatic free energy of interaction, as judged by the change between the two highest resolution scales (either 1.0 and 2.0 grid/Å or 1.5 and 3.0 grid/Å), is within 0.2 kcal/mol. A similar protocol has been used in previous work (19, 20, 23, 34 -36) .
Membrane Binding Free Energies-The electrostatic contribution to the membrane partition coefficient was determined by calculating the Gibbs surface excess of protein at the membrane surface, i.e. the number of moles of protein bound per unit area of membrane surface (19) . Fig. 3 shows the electrostatic free energy curve for G␤␥ in a single orientation at the surface of a 2:1 PC/PS membrane in 100 mM KCl. The product of the protein concentration at infinity (i.e. in the bulk solution) and the exponent of the interaction energy is a measure of the protein concentration at each distance from the membrane surface. To approximate a complete ensemble of different protein/membrane configurations, such an energy curve was calculated for many different orientations of the protein at the membrane surface, and the concentration at each distance was obtained by averaging over the different orientations (21, 23) . Then averaging over the distance itself gives the Gibbs surface excess, which is simply related to the molar partition coefficient.
We followed the procedure developed for calculating the electrostatic contribution to the membrane partitioning of a myristoylated peptide corresponding to the N terminus of Src (21) . We assumed that electrostatic interactions between G t ␤␥ and the membrane occur with the farnesyl fully partitioned into the membrane. This approximation is reasonable because the contribution of the farnesyl is likely to be much greater than that due to electrostatics (ϳ10 3 versus ϳ10 M Ϫ1 , see also "Discussion"). Thus, in our model, we assume the farnesyl "anchor" restricts the protein to a region of space above the membrane (Fig. 2) . We also assumed that the structure of nonfarnesylated G t ␤␥ is a good approximation to the farnesylated form; the only residues missing from the C terminus of the ␥ subunit used in our calculations are GGC, which are not expected to affect membrane partitioning (37) . The only significant differences in the membrane binding region of each of the five structures of G␤␥ subunits solved (14, 17, 29, 38, 39) are the disordered C-terminal residues, which are expected to be in a random coil conformation; thus, these C-terminal residues are sufficiently flexible to allow for the modes of membrane interaction we examine here.
Following previous work on the partitioning of myristoylated and farnesylated basic peptides (7, 40) , we approximated the overall membrane partition coefficient of G t ␤␥ as proportional to the product of two individual partition coefficients, one due to the hydrophobic partitioning of the farnesyl group (K f ) and the other due to the electrostatic interactions between protein and membrane (K el ): K ϭ ␣K f K el , where ␣ is a proportionality constant that depends on the distance between the farnesyl and the basic cluster (40) and K el is given by Ͻexp(Ϫ⌬G el (i)/ kT)Ͼ. The brackets denote an average over protein orientations: ⌬G el (i) is the electrostatic free energy of interaction between the protein in a given orientation and the membrane, k is the Boltzmann constant, and T is the absolute temperature. We assume the proportionality constant ␣ is the same for the membrane partitioning of both G t ␤␥ and the G t ␤␥⅐phosducin complex. Therefore, the enhancement in the membrane partitioning of G t ␤␥ due to its basic cluster is represented by its calculated K el , and the relative effect on the membrane partitioning of G t ␤␥ due to phosducin is then given by the ratio
Different orientations of G t ␤␥ or the G t ␤␥⅐phosducin complex at the membrane surface were generated by translating the structure laterally across the membrane surface and rotating the structure about the C terminus of ␥, which is "pinned" at the position it has when the protein is in its minimal electrostatic free energy orientation (see Appendix II of Ref. 21 for more details). The structure of G t ␤␥ used in the calculations is missing the three C-terminal residues of the ␥ subunit, so rotations were performed about the nitrogen of the C-terminal NH 2 blocking group of Lys-68. Both the ␤␥ heterodimer from the G t ␤␥⅐phosducin structure (PDB code 2trc) and free G t ␤␥ (PDB code 1tbg), which is missing Lys-68 at the C terminus of ␥, have a similar minimum electrostatic free energy of interaction with a 2:1 PC/PS membrane in 100 mM KCl (Ϫ3 kcal/mol). An approximation to the orientation of minimum free energy was obtained by first docking the protein at the surface of the membrane so that the positive potential of the protein overlaps maximally with the negative potential of a 2:1 PC/PS membrane as visualized in GRASP (31) and then testing, with FDPB calculations, many orientations close to the one generated by eye. The lowest electrostatic free energy of interaction obtained was Ϫ3.3 kcal/mol, and the orientation corresponding to this value was designated the minimum free energy orientation (see Fig. 2 ).
Previous work established that relative binding free energies can be determined by considering a single orientation of the protein with respect to the membrane, specifically the orientation of minimum free energy in which the positive electrostatic potential of the protein interacts maximally with the negative electrostatic potential of the membrane (19, 20) . This orientation results from the balance between the electrostatic attraction and desolvation penalties when there is about 3 Å (i.e. one layer of water) between the van der Waals surfaces of the protein and the membrane (see Fig. 3 ). The orientation of minimum electrostatic free energy was used to calculate the relative binding as a function of mole percent acidic lipid in the membrane and the ionic strength of the solution (Figs. 4 and 5) .
Sequence Analysis and Homology Model Building-We used the program PrISM (41, 42) to construct multiple alignments for G␤ isoforms and for phosducin and phosducin-like protein isoforms. Homology models for G␤ isoforms were built based on their sequence alignment to G t ␤ and using the G t ␤ structure as a structural template. The homology models were also built using PrISM as described previously (40) .
RESULTS

Electrostatic Interaction of G t ␤␥ with Phospholipid Membranes
Electrostatic Component of the Membrane Partitioning of G t ␤␥-We calculated the electrostatic interaction between G t ␤␥ and the membrane as described under "Materials and Methods." Although ROS membranes contain only ϳ15 mol % PS, the distribution of PS appears to be asymmetric across the bilayer in dark-adapted discs (43) . Hence, we assumed in our calculations that all of the PS is located on the outer leaflet of ROS membranes and that 2:1 PC/PS is a reasonable approximation for the lipid composition to which G t ␤␥ binds under physiological conditions. Fig. 3 shows the calculated electrostatic free energy of interaction of G t ␤␥ with a 2:1 PC/PS membrane in 100 mM KCl as a function of distance between the surfaces of the protein and membrane. In this calculation, G t ␤␥ is oriented with respect to the membrane surface as illustrated in Fig. 2 ; this orientation gives the lowest electrostatic free energy (i.e. the strongest interaction) of all orientations tested (see "Materials and Methods"). As is evident from the figure, despite the fact that the net charge of the protein is Ϫ12, there is a favorable electrostatic interaction between G t ␤␥ and acidic phospholipid head groups when the protein is oriented so that the farnesyl moiety (not shown) can be fully inserted in the membrane. The attraction is due to the fact that the electrostatic potential of G t ␤␥ is highly polarized: the region surrounding the site of farnesylation is highly basic, while the remaining portion of the protein is highly acidic (Fig. 1A) . Fig. 3 shows that at large distances, the electrostatic free energy of interaction is weak but decreases as the protein approaches the membrane surface. The minimum free energy occurs when the minimum distance between the surfaces of the protein and membrane is between 1.5 and 2.5 Å, somewhat less than the diameter of a water molecule. As seen in Fig. 2 , even at these short distances, most of the protein and membrane remain solvated. At smaller distances, both the protein and membrane are increasingly desolvated, or stripped of water molecules, which is energetically unfavorable, and the free energy increases dramatically and becomes approximately zero when their surfaces just touch.
Since the membrane partitioning of the farnesyl group appears to be appreciably stronger than the electrostatic partitioning (see "Materials and Methods" and "Discussion"), we assume in our calculations that the farnesyl group remains embedded in the membrane hydrocarbon and constrains the protein at the membrane surface. The residues immediately adjacent to the site of farnesylation on the ␥ subunit are highly disordered in the crystal structures (14, 17, 29) and are, therefore, expected to be flexible in solution so that many orientations should be accessible to both G t ␤␥ and G t ␤␥⅐phosducin when the farnesyl is embedded in the membrane. A more realistic calculation of the electrostatic component to the membrane partitioning of G t ␤␥ would attempt to account for the flexibility of the C terminus of G␥ by including these orientations (see "Materials and Methods"). Therefore, in addition to calculating the minimum electrostatic free energy (Fig. 3) , we calculated the electrostatic interaction free energies for 100 randomly generated orientations of G t ␤␥ (and the G t ␤␥⅐phosducin complex, see below) subject to the constraint that the farnesyl group is fixed in the membrane interior. The electrostatic contribution to the membrane partitioning of G t ␤␥ onto 2:1 PC/PS in 100 mM KCl, obtained from a Boltzmann average over these 100 orientations, is predicted to be Ϫ1.7 Ϯ 0.2 kcal/mol, which would result in about a 20-fold enhancement of the membrane partition coefficient due to the farnesyl group alone (the error corresponds to the precision error in the FDPB method for this system (see "Materials and Methods"); the error due to inadequacies in the sampling is less than 0.1 kcal/mol (see Ref. 21 
)).
Dependence on Mole Percent Acidic Lipid in the Membrane- Fig. 4 shows how the minimum electrostatic free energy of interaction between G t ␤␥ and the membrane changes as a function of mole percent acidic lipid. As described under "Materials and Methods," previous work has shown that it is sufficient to consider a single orientation of the protein with respect to the membrane surface to determine the relative membrane binding as a function of variables that affect the electrostatic properties of the system (19 -21, 23 ). As depicted in Fig. 4 , the electrostatic interaction free energy decreases sharply over the range of physiological mole percent acidic lipid (from 11 to 33%). A similar dependence of the electrostatic interaction free energy on mole percent acidic lipid has been calculated and observed for simple basic peptides and small basic proteins. For example, the electrostatic binding free en- FIG. 1. Electrostatic properties of G t ␤␥ (A) and the  G t ␤␥⅐phosducin complex (B) . In both panels, G t ␤␥ is represented by its C␣ trace, colored white. In B, phosducin is represented by its C␣ trace, colored green. The blue and red meshes, respectively, represent the ϩ25 and Ϫ25 mV electrostatic equipotential contours calculated by GRASP (31) for 100 mM KCl. The molecules are in their minimum electrostatic free energy orientations with the membrane below them. FIG. 2. A model of G t ␤␥ docked at the surface of a 2:1 PC/PS membrane. G t ␤␥ is in the same orientation as shown in Fig. 1 so that the positive electrostatic potential of the protein interacts maximally with the negative charge of the membrane. The ␤ subunit is colored cyan, and the ␥ subunit is colored magenta. The approximate site of farnesylation is the portion of the ␥ subunit closest to the membrane surface. Phosphatidylserine in the membrane is identified by its exposed nitrogen, colored blue.
FIG. 3.
Electrostatic free energy curve for the interaction of G t ␤␥ with a 2:1 PC/PS membrane in 100 mM salt. The electrostatic free energy of interaction is plotted as a function of distance between van der Waals surfaces of protein and membrane and was determined by solving the Poisson-Boltzmann equation for the G t ␤␥/membrane system depicted in Fig. 2 . Zero distance is defined as the configuration in which the surface of the protein just touches the surface of the membrane (to within 0.1 Å), i.e. it corresponds to the minimum distance between the protein and the membrane. For each calculation (circles), the orientation of the protein with respect to the membrane remained fixed and only the vertical distance changed.
FIG. 4.
The electrostatic component to the membrane partitioning of G t ␤␥ increases sharply as the mole percent acidic lipid in the membrane increases. All calculations were done with 100 mM KCl. The circles represent the results obtained with the orientation of minimum electrostatic free energy (see Fig. 2 ). ergy of both pentalysine (net charge ϩ5) and charybdotoxin (net charge ϩ4) to membranes decreases by about 3 kcal/mol as the mole percent acidic lipid is changed from 11 to 33% (19, 20) . The lower rate of decrease in free energy for G t ␤␥ is due to the influence of its highly acidic regions, which, while farther from the membrane surface than the basic patch, produce an electrostatic repulsion with acidic lipids in the membrane; this repulsion increases as the mole percent acidic lipid increases.
Given the insensitivity of the electrostatic free energy to the PS concentration when the membrane contains 25 or more mol % acidic lipid, one might expect the possible effects of PS aggregation to be small. To establish limits to the magnitude of such effects, we constructed membrane models in which the local PS concentration below the membrane-associated protein was enhanced as described under "Materials and Methods." The binding free energy for the uniform 33 mol% PS bilayer is Ϫ3.25 kcal/mol. This value decreases to Ϫ3.39 kcal/mol if the local concentration of PS is increased to 50% and to Ϫ3.75 kcal/mol if the local concentration is increased to 100%. These values are remarkably close to those obtained for the uniform 50 and 100% PS bilayers, Ϫ3.42 and Ϫ3.70 kcal/mol, respectively (Fig. 4) . In fact, the interaction free energies for membranes containing between 25 and 100 mol % acidic lipid fall in the range of Ϫ3.05 to Ϫ3.75 kcal/mol. Assuming that the bulk membrane contains 25% PS and that the local PS concentration is enhanced to 100% establishes an upper limit of about 20% for any errors associated with PS aggregation. The actual effects are likely to be smaller due to enhanced repulsion of PS groups as well as to the entropic costs of lipid aggregation.
Dependence on Ionic Strength-The electrostatic attraction between a simple positively charged protein and a negatively charged membrane should and does increase as the ionic strength of the solution decreases (see e.g. Ref. 19 ). However, the membrane interaction of G t ␤␥ is predicted to have a parabolic salt dependence as shown in Fig. 5A . The electrostatic attraction is strongest in physiological salt, becomes weaker when the ionic strength is increased above 150 mM, but decreases dramatically when the ionic strength is decreased below 10 mM. The latter effect is consistent with the observation that G t ␤␥ can be isolated from retinal rod cell membranes under low salt conditions (15) . Fig. 5B shows how the electrostatic properties of both the protein and membrane change as a function of ionic strength and suggests how this occurs. For physiological ionic strength (100 mM KCl), the blue and red meshes represent, respectively, the ϩ25 and Ϫ25 mV equipotential contours, and the yellow arrow represents the extent of a Debye length (ϳ10 Å) from the membrane surface. In 100 mM salt solution, the distal acidic region of the protein is effectively screened from the membrane, and there is a favorable interaction between the negative charge on the membrane and the proximal basic region on the protein. In 1 mM salt, both the ϩ25 (cyan) and Ϫ25 mV (magenta) equipotential contours of the protein increase in extent as does the Debye length (ϳ100 Å, green arrow). Although the electrostatic attraction between the basic cluster and the membrane increases, the entire protein is now within a Debye length of the membrane, and its overall negative charge interacts strongly with the negative potential of the membrane. Thus, at low ionic strengths, the electrostatic repulsion between the protein and membrane is strong enough to effectively compete with the partitioning due to the farnesyl and cause the protein to desorb from the membrane surface.
The Electrostatic Contribution to the Regulation of G t ␤␥ Membrane Association by Phosducin
As depicted in Fig. 1B , the binding of phosducin to G t ␤␥ introduces a large negative electrostatic potential into a region adjacent to and partially overlapping the membrane binding surface of G t ␤␥. The minimum electrostatic free energy of interaction of G t ␤␥ with a 2:1 PC/PS membrane in 100 mM KCl is Ϫ3.3 kcal/mol (Fig. 3) . The minimum electrostatic free energy of interaction of G t ␤␥⅐phosducin under the same conditions is predicted to be Ϫ1.8 kcal/mol (data not shown). This indicates that phosducin weakens the membrane binding energy of G t ␤␥ by 1.5 kcal/mol (or reduces the membrane partition coefficient by about a factor of 10). More extensive calculations that incorporate sampling over many orientations of both G t ␤␥ and G t ␤␥⅐phosducin at the membrane surface also show that the membrane partitioning decreases 10-fold in the presence of phosducin, i.e. K el (G t ␤␥⅐phosducin)/K el (G t ␤␥) ϳ 0.1.
Conservation of Electrostatically Important Residues in G␤␥ and
Phosducin Isoforms-The existence of a basic cluster or surface patch on G␤ t is not evident from an examination of its amino acid sequence alone. As shown in Fig. 6 , the 11 basic residues (denoted by asterisks) that come together in threedimensional space to form the basic surface patch are scattered throughout the linear sequence and do not form an obvious sequence motif. Mammalian G␤ isoforms, ␤ t (or ␤ 1 ), ␤ 2 , ␤ 3 , and ␤ 4 , share very high sequence identity (Ͼ80%), and the residues that form the basic surface patch on G t ␤ (see Fig. 6 ) are strictly conserved across their multiple sequence alignment. This suggests that the electrostatic contribution to membrane binding predicted for G t ␤ is a feature common to ␤ 2 , ␤ 3 , and ␤ 4 as well. We examined the sequences of G␤ isoforms from a wide range of species. The pairwise identities between the sequence of the G t ␤ structure examined here (from bovine) and G␤ sequences from organisms as diverse as yeasts and plants are greater Fig. 2) . B, the ϩ25 and Ϫ25 mV equipotential contours for G t ␤␥ in 100 mM KCl (blue and red, respectively) and 1 mM KCl (cyan and magenta, respectively). The dashed line approximates the extent of the envelope of the polar head group region of the membrane (i.e. the membrane surface). Arrows at the left side of the figure represent the Debye lengths, or characteristic dimensions over which electrostatic interactions decay by 1/e, for 100 mM KCl (yellow) and 1 mM KCl (green).
than 40%, but the basic residues are no longer strictly conserved in the sequence. However, at this level of sequence identity it is generally possible to generate reliable homology models (44) . Homology models were built for each of the sequences using the structure of G t ␤ as a template as described under "Materials and Methods," and their electrostatic surface properties were surveyed. Homology models for sequences with at least 50% identity to G t ␤ have a prominent basic surface patch with a positive potential comparable in strength to that of G t ␤.
Phosducin was originally thought to be expressed principally in retinal and pineal cells (45) . More recent studies show that phosducin is ubiquitously expressed (46) and that it interacts equally well with other ␤␥ isoforms (47) . As shown in Fig. 6 , the acidic residues that contribute to the negative potential of the C-terminal domain of phosducin (denoted by asterisks) are scattered throughout the C-terminal sequence of phosducin and, like the basic residues that contribute to the basic surface patch on G t ␤, do not form an obvious sequence motif. A related protein, phosducin-like protein, is also widely expressed and functions as a modulator of G␤␥ activity (48 -50) . Isoforms of phosducin-like protein continue to be identified (see e.g. Ref.
51). Rat phosducin-like protein shares only 47% sequence identity with rat phosducin, but all 10 acidic residues denoted in Fig. 6 are strictly conserved, suggesting that the electrostatic activity of phosducin predicted here is a feature of phosducinlike protein as well.
DISCUSSION
The major result of this paper is that electrostatic interactions are predicted to enhance the membrane partitioning of G t ␤␥ due to the farnesyl group by about an order of magnitude; the available experimental results are qualitatively consistent with this prediction. The dual use of electrostatic and hydrophobic interactions appears to be characteristic of many membrane-interacting systems (3). Proteins for which it has been established include K-ras4B, Src, myristoylated alanine-rich C kinase substrate (MARCKS), and the HIV-1 Gag polyprotein. In each of these cases, the electrostatic contribution is stronger by 1-2 orders of magnitude than what we predict here for G t ␤␥, while the hydrophobic contribution due to the lipophilic modification is expected to be similar to what is observed for G t ␤␥. Hence, the balance of hydrophobic and electrostatic components is significantly different from that in previously characterized systems. However, the strength of the electrostatic attraction between G t ␤␥ and PC/PS membranes and the conservation of basic residues across multiple G␤ isoforms both indicate that the electrostatic forces described in this work are biologically relevant in some capacity.
Since the electrostatic free energies calculated in this work are relatively small, it is important to consider the extent to which the calculations should be viewed as reliable. The approximations upon which the results are based include the FDPB methodology itself and the assumption of a rigid membrane whose structure does not respond to the approach of a charged molecule. There has been extensive testing of the FDPB method, and it has been shown to work remarkably well in many applications involving nonspecific binding, the situation we are dealing with in this work. For nonspecific proteinmembrane interactions, the FDPB methodology predicted the ionic strength and lipid composition dependence of the membrane binding of simple basic peptides (19) and charybdotoxin (20) with deviations from experimental values on the order of 0.2 kcal/mol or less. Recently FDPB calculations correctly predicted that electrostatic interactions enhance the membrane partitioning of myristate-Src-(2-19) by 2 orders of magnitude (21) .
While the results of this work suggest that the electrostatic contribution to the membrane partitioning of G␤␥ subunits is significant, more systematic measurements of the binding of G t ␤␥ to membranes with well defined charge densities are required to validate our predictions. The partitioning of G␤␥ onto either isolated ROS disc membranes or azolectin vesicles that contain an undefined mixture of both zwitterionic and acidic phospholipids is about 10 3 M Ϫ1 (10, 12) . Ficoll gradient measurements from Matsuda et al. (12) suggest that that the binding of G t ␤␥ to PC vesicles may also be about 10 3 M Ϫ1 , although it is not possible to derive true thermodynamic constants from their approach. If a more direct technique (e.g. Ref.
10) confirms these results and if the partitioning of G t ␤␥ onto PC vesicles is a valid measure of the contribution of the farnesyl group to the ROS membrane partitioning of the protein, it follows that the farnesyl group alone may provide sufficient binding energy to anchor the protein to the ROS membranes because the ROS contains a very high concentration of lipids (Ͼ Ͼ10 Ϫ3 M). The electrostatic contribution would thus provide membrane binding energy in excess of what is required. On the other hand, it is possible that the additional attraction is important for membrane association in a cellular context; for example, rhodopsin seems to impede membrane association in ROS membranes (52) .
The lipid concentration in nonretinal cells is about 1-2 orders of magnitude lower than that of ROS membranes, and a farnesyl group alone will generally not provide enough membrane binding energy to localize a protein at the plasma membrane of a typical cell (3). Most nonretinal ␥ isoforms have a geranylgeranyl modification that partitions into membranes about 1-2 orders of magnitude more strongly than farnesyl (53) . Several nonretinal ␥ isoforms, however, have been shown to be farnesylated, and two of these (␥ 11 and ␥ 14 ) form heterodimers with ␤ 1 (54, 55) , the ␤ isoform found in transducin ␤␥ and examined here. Both farnesylated ␤ 1 ␥ 11 and a geranylgeranylated mutant activate adenylyl cyclase II equally well in an in vivo assay (54) indicating that there are factors in addition to farnesylation (e.g. electrostatics or protein-protein interactions) that drive membrane binding. FIG. 6 . Amino acid sequences of human G␤1 and rat phosducin. SwissProt accession numbers are given above the sequences. The basic residues that contribute to the basic surface patch on G␤ and the acidic residues that contribute to the negative potential of the C-terminal domain of phosducin are marked with asterisks.
Other than contributing to membrane association, there are a number of additional possible roles for the electrostatic interactions calculated in this work. They may, for example, be important for optimally positioning G t ␤␥ at the membrane surface to facilitate interactions with other proteins and, thus, achieve more efficient signal transduction. Similarly it has been suggested that electrostatic forces mediated by basic residues optimize the orientation of secretory phospholipases A 2 for efficient catalysis at the membrane interface (56) . This could involve fixing the protein close to the membrane surface; indeed, the fact that there are disordered residues adjacent to the farnesyl group in the crystal structure of G t ␤␥ could otherwise allow for some displacement away from the surface. A related possibility is that the charge distribution of G␤␥ favors specific orientations of the protein with respect to the surface that are important for interactions with other proteins. Studies of the regulation of the G protein-coupled receptor kinase GRK2 showed that the ability of G protein ␤␥ subunits to stimulate receptor phosphorylation via GRK2 is "absolutely dependent" on the presence of acidic phospholipids (57) . In another study, G␤ residues that interact with G␤␥ effectors (calcium and potassium channels, adenylyl cyclase II, phospholipase C-␤2, and ␤-adrenergic receptor kinase), all of which are membrane-associated, were identified and mapped onto the surface of G t ␤ (58). The 15 residues identified are all located on the surface of G␤ t that faces the viewer in Fig. 2 , and 13 of these residues are located within ϳ15 Å of the membrane surface when G␤␥ is in the minimum electrostatic free energy orientation shown in Figs. 1A and 2. Another suggestion as to role of the basic residues is that enhanced binding to membranes that are more negatively charged (as illustrated in Fig.  4 ) could guide membrane-bound G t ␤␥ laterally to regions of membrane that are enriched in either monovalent or polyvalent acidic lipids (59) .
Our results suggest that the binding of phosducin to G t ␤␥ weakens the membrane association of G t ␤␥ about an order of magnitude by an electrostatic mechanism. Comparison of the structures of free G t ␤␥ and phosducin-bound G t ␤␥ shows that phosducin induces a slight structural change in G t ␤ (17) that may provide a shallow binding grove for the farnesyl group on the surface of G␤ (29) , which should also weaken the membrane association. The exact molecular mechanisms that underlie the regulation of membrane dissociation of G t ␤␥ by phosducin remain unknown, but our results suggest that electrostatic repulsion between the C-terminal domain of phosducin and acidic lipids in the membrane could play an important regulatory role by favoring the cytosolic state of phosducin-bound G t ␤␥. The two effects, phosducin-mediated electrostatic repulsion from the membrane surface and the exposure of a shallow hydrophobic groove on the surface of G t ␤␥, could act in concert to induce the translocation of G t ␤␥ from membrane to cytosol.
An important feature of the computational approach used in this work is the combination of theoretical biophysical tools with those of sequence and structure analysis. The former allows us to obtain results that pertain directly to a protein whose structure has been determined, while the latter provides a test of a particular hypothesis by determining its relevance to related systems. Specifically, the results of sequence analysis and homology model building both support the importance of the electrostatic mechanisms revealed by the calculations and suggest that they are generalizable to other G␤ and phosducin-like protein isoforms.
